During the past 15 years, a number of ab initio molecular orbital studies of proton transfer reactions I-I I have greatly added to our understanding of this process. For example, electronic structures have been used 12-14 to rationalize observed comparative reaction rates and IR intensities and led to insights into enzymatic activity. However, the vast majority of these calculations have dealt with transfer of a proton between first-row atoms such as oxygen or nitrogen. It would be quite interesting to have at hand analogous information concerning second-row atoms in order to analyze the fundamental nature of the similarities and differences. It is ironic that since the first ab initio treatment of any proton transfer process, viz. Clementi's study I of H3N-HCI, there has been little further investigation of transfers involving second-row atoms. With this in mind, the present communication reports calculations of proton transfer between firstand second-row atoms. Previous papers in this series l5 -19 have analyzed transfers between simple hydrides of the firstrow atoms such as OH 2 and NH 3 . This paper extends the work to include transfers between these two molecules and SH 2 , the analogous hydride of the second-row atom sulfur.
CHOICE OF METHOD
In studying the transfer energetics of a proton between two different molecules, it is imperative that the particular method used accurately reflect the relative proton affinities of these molecules. In a previous communication,20 it was reported that the differences in experimental proton affinities between SH 2 , OH 2 , and NH3 are very well reproduced by Hartree-Fock level calculations with the polarized splitvalence basis setz°. 21 4-31G*. In fact, this agreement with experiment is comparable to that achieved by enlargement of the basis set to 6-311 GU (including two sets of d functions) and incorporation of correlation effects by M011er-Plesset 8) Recipient of NIH Research Career Development Award (1982) (1983) (1984) (1985) (1986) (1987) .
perturbation theory up to fourth order. 20 For this reason, most of the calculations reported herein were carried out at the HF/4-31G*level oftheory.
In order to estimate the effects of basis set enlargement on the transfer process, calculations were also performed using a basis set of approximately triple-zeta plus polarization (TZP) quality. In addition, M011er-Plesset theory to second and third orders 22 was applied to gauge the magnitude of electron correlation effects. All calculations were performed using the GAUSSIAN-80 computer codes 23 ; the gradient procedures contained therein were used for geometry optimizations.
RESULTS AND DISCUSSION
As a first step the geometries of the (H 2 0HSH 2 )+ and (H 3 NHSH 2 )+ complexes were fully optimized at the HF/4-31 G* level. The parameters used to describe the geometries of these C s structures are illustrated in Fig. 1 . The separation between the 0 or N first-row atom (X) and S is denoted as R in both cases;y is the distance of the central proton He above the X-S internuclear axis. ao and as specify the angles between the X-S axis and the OH 2 and SH 2 bisectors, respectively.
The fully optimized geometries of the two complexes are provided in the first rows of Tables I and II along with the SCF energy of each. The equilibrium R(XS) distances in the fully optimized structures are 3.022 A for (H 2 0HSH 2 )+ Tables I and II are the optimized geometries of the monomers from which the two complexes may be considered as arising by hydrogen-bond formation. Dissociation of the complexes to neutral 8H 2 and the protonated cation (OH3)+ or (NH4)+ is described in the first set while the last row involves dissociation to (8H3) + and the neutral first-row hydride. The energies required for the indicated dissociations are listed as ED in the last column of the tables.
For the (H 2 0H8H 2 )+ system, dissociation to OH 2 + (8H3)+ is favored over (OH3)+ + 8H 2 by some 1.4 kcallmol due to the slightly greater proton affinity of8H 2 . Also included (in parentheses) are dissociation energies corrected for zeropoint vibrational energies, losses of translational and rotational degrees offreedom, andL1 (PV). The resulting H-bond energies for (H 2 0HSH 2 ) + are somewhat smaller than the experimental values,24 perhaps due to neglect of electron correlation.
Proton transfer potentials for the (H 2 0H8H 2 ) + and (H 3 NH8H 2 ) + systems are presented in Figs. 2 and 3, respectively. These curves were generated in the following manner. An R(X8) separation was chosen and held fixed as the central proton was moved towards the 8 atom. For each step in the transfer, i.e., for each value of r(XH C ), the remainder of the molecular geometry was fully optimized.
For the equilibrium value ofR(OS) = 3.02 A, the trans- Fig. 2 is of double-well type and is very nearly symmetrical. The left well corresponding to (OH 3 )+(SH 2 ) is slightly lower in energy than that for (OH 2 )(8H 3 )+ , somewhat surprising in light of the greater proton affinity of 8H 2 than of OH 2 • It is interesting that the situation reverses and the right-hand well is a bit more stable for greater R (08) separations. Besides the slight alteration in asymmetry, the lengthening of R(OS) leads to substantial increases in the height of the energy barrier separating the two wells. Also worthy of note is the fact that the potential collapses into a single-well function when R(08) is contracted to 2.8 A.
The much higher proton affinity of NH3 produces the high degree of asymmetry in the proton transfer potential curves of(H 3 NH8H 2 )+ in Fig. 3 . The right-hand well is rather shallow for the equilibrium R(N8) separation of 3.35 A.
As this distance is increased, the right minimum becomes more clearly defined as the barrier separating it from the lefthand well increases.
The calculated barriers to proton transfer Et are listed in Table III for the two systems. The shorthand notation OH-+8 refers to the transfer of a proton from OH 2 to 8H 2 in (H 2 0HSH 2 )+ while 8H-+O corresponds to reverse motion from the right-hand minima of Fig. 2 to the left. 8imilar notation is used for (H 3 NH8H 2 )+ . The rise in barrier height associated with increased R(X8) separation is clearly illustrated in Fig. 4 . For equivalent values of R, the highest barriers are observed for NH-+S and the lowest for the reverse process. Intermediate between these two extremes are transfers between 0 and 8 for which the near symmetry of the potential curves leads to approximately equal barriers. The 
Geometry changes during transfer
Previous studies 15,18 of proton transfers involving OH 2 and NH3 have led to the conclusion that geometry optimizations at each stage of transfer are not essential for accurate elucidation of the energetics. More specifically, transfer potentials calculated using the "rigid molecule" approximation, wherein all nuclei with the exception of the central proton are frozen in their equilibrium positions, were only slightly different than those calculated including geometry optimizations throughout. The magnitudes of the changes in geometry undergone by the (H 2 0HSH 2 ) + system during the proton transfer are explored in Table IV The geometry changes occurring during the proton transfer in (H)NHSH 2 )+ are provided in Table V (HOH) . Changes in the internal geometry of SH 2 are much the same as in the prior case of (H 2 0HSH 2 )+ . The angle between the SH 2 plane and the N-S axis as goes through a greater increase (10 0) than the 5 0 rise noted for (H 2 0HSH 2 ) + . The path followed by the transferring proton lies always above the N-S axis, generally by about 0.0 I A.
Geometry optimizations were found to be quite essential for accurate calculation of the energetics of proton transfer in (H 2 0HSH 2 )+. As an example, for R(OS) = 3.022 A (the equilibrium distance) the calculated barrier including geometry optimizations is 4.57 kcal/mol. If, instead of following this procedure, the transfer is carried out using the rigid molecule approximation wherein the entire structure of the complex is fixed in its equilibrium geometry, the barrier is increased to 4.94 kcal/mol. Much more striking, however, is the discrepancy between barriers for the reverse SH-G transfer. The rigid molecule approximation leads to a barrier 40% lower than the value of 3.80 kcal/mol obtained with geometry optimizations throughout. The situation is rather different for (H 3 NHSH 2 ) + where the rigid molecule approximation leads to only small errors in calculated energetics. For the three R(NS) distances examined and for transfers in either the NH~S or SH~N directions, the differences between full optimization and rigid molecule barriers are around 1 kcallmol or less.
Adiabatic transfers
The proton transfer potentials reported above were obtained for given values ofR(XS) which were fixed during the course of the transfer. This treatment is appropriate when the transfer takes place via very rapid proton tunneling or when the hydrogen bond is contained within a macromolecular structure which does not allow optimum approach of the two groups involved in the bond. It is also of interest, however, to consider an "adiabatic" transfer process in which the proton moves slowly enough that all other nuclei can adjust their positions at each stage of transfer. Calculations were therefore carried out to study this adiabatic transfer by performing full geometry optimizations of (H 2 0HSH 2 )+ , including R(OS), for a series of values of r(OH C ). These results are presented in Table VI where it may be seen that the adiabatic transfer of a proton from OH 2 to SH 2 involves an initial contraction ofR(OS) which reaches a minimum value of2.87 A at the midpoint of the transfer. It is at this point that the relative energy attains a maximum of 2.6 kcallmol which is the barrier to adiabatic transfer. Concurrent with a continuation of the proton transfer process and the associated decrease in energy is a reenlargement of R(OS) to 3.062 A in the equilibrium geometry of (OH 2 )(SH 3 ) +. The barrier for the reverse process, i.e., adiabatic transfer from S to 0, is somewhat smaller at 1.9 kcall mol. A similar treatment of (H 3 NHSH 2 ) + leads to a monotonically increasing energy as the proton is transferred from NH3 to SH 2 and the conclusion that this system does not contain a stable (H 3 N-HSH 2 ) + structure.
Basis set and correlation effects
It would be useful to estimate the effects on the results reported here of using larger basis sets and including electron correlation. The basis set was accordingly enlarged up to the triple-zeta 6-311 G* level 2s which includes a set of d functions It = 1.292) on oxygen. Dunning's [6s4p] contraction 26 of Huzinaga's (11s7p) set 27 of primitive Gaussians was used for S and was augmented by a single set of d functions (; = 0.6). This basis set is abbreviated as TZP in the following. Electron correlation was explicitly evaluated using M011er-Plesset perturbation theory to second (MP2) and third (MP3) orders. 22 Rather than attempting to perform extremely time-consuming geometry optimizations at levels of theory higher than HF/4-31G*, the calculations were performed directly upon the geometries optimized at that level.
The specific subject of the calculations was the (H 2 0HSH 2 )+ system at the fixed R(OS) distance of 3.2 A, shown above to contain barriers of9.8 and 9.5 kcallmol for OH~S and SH-G transfer, respectively. Calculations were performed upon both the optimized (H 2 0H-SH 2 )+ and (H 2 0-HSH 2 )+ geometries in the first and final rows of Table  IV and on the midpoint of the transfer as well. The energy barriers are reported in Table VII for each level of calculation. It has been demonstrated previously28 that the effects ofbasis set extensio~ ~nd of electron correlation are largely separable and addItIve. For example, as indicated in the first row of Table VII , enlargement of the basis set from 4-31 G* to TZP increases the OH ... ~8 transfer barrier at the HartreeFock level by 3.2 kcallmol from 9.8 to 13.0. A similar increase is observed at the MP2level. (Conversely, inclusion of second-order MP corrections lowers the barrier by about 4.8 kcallmol with either the 4-31 G* or TZP basis sets.) It is thus reasonable to conclude that similar parallelism will apply to the MP3 level and that the MP3/ 4-31 G* barrier of 6.2 kcall mol will be increased to about 9.3 with the larger basis set. It is anticipated that further enlargement of basis set wi1llead to additional small increases in the barrier height such that the HF/4-31G* value of9.8 provides an extremely accurate estimate.
The additivity of basis set and correlation effects appears to be valid also for the reverse 8H-.0 transfer although not quite as precisely as in the previous case. The barrier increases resulting from basis set enlargement at the HF and MP2leveis differ by 0.8 kcallmol. If we estimate the enlargement occurring at the MP3levei to be 2.8 kcallmol, we arrive at a value of 7.4 for MP3/TZP. After the further increases expected for additional enlargement of basis set, we may expect the HF / 4-31 G* value to be a slight overestimate of the 8H--0 barrier height.
CONCLUSIONS
At the equilibrium intermolecular separations 3.02 A for (H 2 0H8H 2 )+ and 3.35 A for (H 3 NH8H 2 )+ double-well potentials are associated with proton transfers in both systems. Consistent with previous findings for other systems,15 ... 19 the energy barriers to proton transfer rise with increasing hydrogen bond length. The high basicity of NH3 leads to very asymmetric potential curves in (H 3 NH8H 2 )+ and to much higher barriers for transfer from NH3 to 8H 2 than for the reverse direction. The approximately equal proton affinities ofOH 2 and 8H 2 are reflected in nearly symmetric transfer potentials and very similar barriers for transfer in either direction in (H 2 0H8H 2 )+ .
Geometry optimizations during the course of proton transfer point out significant alterations within each monomer such as reductions in the OH bond length and HOH bond angle in water as the proton is transferred to 8H 2 . More dramatic are changes in the intermolecular orientation, particularly ao, the angle between the HOH plane and the 0-8 internuclear axis. These geometry changes lead to the failure of the rigid molecule approximation to provide energy barriers in good agreement with those calculated including geometry optimizations during the transfer in (H 2 0H8H 2 ) + . Although the geometry changes occurring in (H 3 NH8H 2 ) + are by no means insignificant, energy barriers to proton transfer calculated using the rigid molecule approximation provide excellent estimates of those including relaxation of the geometries.
Without the restriction of fixed intermolecular distance, the potential energy surface of (H 3 NH8H 2 ) + does not contain a stable (NH3)(8H3)+ structure. On the other hand, both (OH))+(8H2) and (OH 2 )(8H 3 )+ correspond to minima in the surface of (H 2 0H8H 2 ) +. The adiabatic barrier to "slow" proton transfer from the first minimum to the second is 2.6 kcallmol. The reverse process is exothermic by 0.7 kcallmol, with a barrier of 1.9. As observed previously in other systems, enlargement of basis set leads to increase in the barrier to proton transfer while a reduction arises from inclusion of electron correlation. The net result is that the HF/4-31G* barriers provide excellent estimates of the values calculated using· much more costly theoretical approaches.
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